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Wind-tunnel testsAbstract Aerodynamic force can lead to the strong structural vibration of ﬂying aircraft at a high
speed. This harmful vibration can bring damage or failure to the electronic equipment ﬁxed in air-
craft. It is necessary to predict the structural dynamic response in the design course. This paper pre-
sents a new numerical algorithm and scheme to solve the structural dynamics responses when
considering ﬂuid–structure interaction (FSI). Numerical simulation for a free-ﬂying structural
model in transonic speed is completed. Results show that the small elastic deformation of the struc-
ture can greatly affect the FSI. The FSI vibration tests are carried out in a transonic speed wind-
tunnel for checking numerical theory and algorithms, and the wind-tunnel test results well accord
with that of the numerical simulation. This indicates that the presented numerical method can be
applied to predicting the structural dynamics responses when containing the FSI.
ª 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
A high-speed ﬂying structure in the air will undergo compli-
cated and unstable aerodynamic circumstances. The strong
aerodynamic force acting on the ﬂying structure can cause
strong structural dynamic response. This harmful vibrationcan damage the electronic equipment ﬁxed in the structure.
Therefore, accurately predicting the dynamic response of
structure interacting with high-speed airﬂow is an important
topic. Souli and Zolesio1 developed a computational proce-
dure to solve the problems of viscous incompressible ﬂows
under large free surface motions. The arbitrary Lagrangian–
Eulerian (ALE) method was used to move the free surface
nodes as well as the internal nodes. The coupling of the mesh
equations of motion and the ﬂuid equations was essentially
done through the free surface boundary conditions. An elastic
model with free surface boundary conditions was used to
model the mesh motion. The boundary condition at the free
surface was deduced from the fact that no ﬂuid particle can
cross the free surface. Guruswamy2 pointed out that the
domain decomposition approaches required efﬁcient interfaces
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dent computational domains for aerospace applications.
Though ﬂuid–structure interaction (FSI) techniques for solu-
tions from equations based on low-ﬁdelity approaches which
were in the linear domain were well advanced and were incor-
porated in production codes NASTRAN and ASTROS, those
computations involved high-ﬁdelity equations such as the
Navier–Stokes for ﬂuids and ﬁnite elements for structures’
interface approaches were still under development.
This paper also provides a technical overview of the meth-
ods about interfacing ﬂow solutions from the Euler/Navier–
Stokes methods with structural solutions using modal/ﬁnite-
element methods. Aquelet et al.3 used the ALE technique to
solve fuel slosh problem and a new ALE formulation for the
ﬂuid mesh was developed to keep the ﬂuid mesh integrity. Loh-
ner et al.4 developed a volume of ﬂuid technique and coupled
with an incompressible Euler/Navier–Stokes solver operating
on adaptive, unstructured grids to simulate the interactions
of extreme waves and three-dimensional structures. Extrapola-
tion algorithms were used to obtain velocities and pressure in
the gas region near the free surface. Results demonstrate that
the presented approach could simulate violent free surface
ﬂows with strong nonlinear behavior. Dettmer and Peric5 eval-
uated Newton type solution strategies for the strongly coupled
system of equations arising in the computational modeling of
FSI and pointed that the essential part of all ALE type solu-
tion strategies was the ﬂuid mesh motion. They investigated
the effect of the terms which coupled the ﬂuid ﬂow with the
ﬂuid mesh motion on the convergence behavior of the overall
solution procedure and also indicated that the computational
efﬁciency of the simulation of many FSI processes, including
ﬂuid ﬂow through ﬂexible pipes, could be increased signiﬁ-
cantly if some coupling terms were calculated exactly. Jo et al.6
developed the ﬁnite element based on lattice Boltzmann
method to model complex ﬂuid domain shapes. Their study
addressed a new ﬁnite element formulation of the lattice Boltz-
mann equation using a general weighted residual technique.
Among the weighted residual formulations, the collocation
method, Galerkin method and method of moments were used
for ﬁnite element-based Lattice Boltzmann solutions. Gurusw-
amy7 presented a modular process for efﬁciently solving large-
scale multidisciplinary problems using single-image cluster
supercomputers. The process could integrate multiple disci-
plines with diverse physical characteristic while retaining the
efﬁciency of individual disciplines. Computational domain
independence of individual disciplines was maintained using
a meta programming approach. The procedure included an
efﬁcient load balancing scheme suitable for parallel computers.
Results were demonstrated for large-scale aerospace problems.
Lohner et al.8 also offered a convenient and cost-effective
approach for coupling computational ﬂuid dynamics and com-
putational structural dynamics codes without rewriting them.
At present, the researches on the FSI of general ﬂuid and
structures are substantial and there are also many test stud-
ies.9–15 However, the FSI studies and tests in a wind tunnel
on aerodynamic or aircraft are not many, and the retrieved lit-
eratures are few.16–18 Especially, the research model in this
paper is a missile model, and its FSI and tests in wind tunnel
are scarcely reported so far. Because computational ﬂuid
dynamics is more complex and difﬁcult, the structure is often
taken as rigid in aerodynamic calculation. The difﬁculty will
be greater if one considers simultaneously the structural rigidbody motion and elastic deformation vibration and this topics
is still a research frontier and hotspot. The new idea of this
paper mainly lies in two aspects, one is the structural rigid dis-
placement and elastic deformation states are simultaneously
transferred to Euler solver as a new boundary condition of ﬂuid
through coupling-interface, the other is to carry out the FSI test
veriﬁcation of a missile model in high-speed wind tunnel.
2. Numerical algorithms and scheme for FSI
The ﬂuid analysis depends on Euler solver. Based on conserva-
tion of mass, momentum and energy of ﬂuid, Euler equation of
motion can be written as
oq
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where q is the state vector; f(q), g(q) and h(q) denote the ﬂuxes
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where q is the material density, u, v, and w denote the velocity
components, p is the pressure and E is the total energy. For the
air, because ﬁve equations with six unknowns have been estab-
lished, the system can be closed by adding the equation of state
for ideal gas:
p ¼ ðc 1Þqe ð3Þ
where e represents the speciﬁc internal energy of the air, and c
the ratio of speciﬁc heats.
Generally, solving of Euler equation of motion Eq. (1)
depends on numerical method, and the ﬁrst step is to divide
the space ﬁeld into Euler meshes, the second step is to solve
the Euler equation of motion for every element through ﬁnite
volume method.
The ﬂux of element surface can be ﬁgured by ﬂux function:
fR q
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where ~ai is the wave strength, ~ki the eigenvalue and ~Ri the
eigenvector. The superscript ‘‘L’’ denotes the left state vari-
ables, and the superscript and subscript ‘‘R’’ all denote the
right state variables.
The calculation precision of element face ﬂux can be gov-
erned by the way in which the left and the right element state
variables are determined. If state variable values of the left and
the left-left element are involved, the second order precision of
computational scheme in space can be attained, and an inter-
polation algorithm is used to calculate the state ﬂux of left side
of an element face. The same method is used for the calcula-
tion of right-side face ﬂux of an element.
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second-order precision can be expressed as
qLiþ1=2 ¼ qi þWLðqi  qi1Þ=2 ð5Þ
where
WL ¼ 1
2
ð1 jÞUðrLÞ þ ð1þ jÞrLUð1=rLÞ  ð6Þ
and
rL ¼ qiþ1  qi
qi  qi1
ð7Þ
Calculation scheme for the right side is similar to it. The
inverse algorithm is deﬁned for j= 1 and the penalty func-
tion U is deﬁned as
UðcÞ ¼ max½0;minð2c; 1Þ;minðc; 2Þ ð8Þ
Coupled with the above computational scheme in space, a
three-stage time integration scheme is developed as
qð0Þ ¼ qni ð9Þ
qð1Þ  qð0Þ ¼  a1Dt
Vi
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where q(k) expresses the state variable value for integration
Step k, ak the coefﬁcient for Step k, and An the area of an ele-
ment face.
Body-ﬁtted meshes are often used for the calculation of
ﬂow ﬁeld in FSI problem. But in the following numerical sim-
ulation, the displacement of structural model is too large and it
will cause the body-ﬁtted meshes severe deformation. There-
fore, immobile meshes are employed. When the structure
moves in the ﬂow ﬁeld, its surface intersects the meshes. Euler
solver will ﬁgure out the data denoting the positions of inter-
section points and these data are used to determine the ﬂow
boundary.
The structural analysis depends on Lagrangian solver. This
solver employs ﬁnite element method in space ﬁeld and explicit
time integration scheme in time ﬁeld. Structural equation of
motion is
Man þ Cvn þ Kdn ¼ F extn ð15Þ
where an denotes the acceleration vector, vn the velocity vector,
dn the displacement vector,M the mass matrix, C the damping
matrix, K the stiffness matrix, and F extn the vector of externally
applied loads at Step n.
Equation of motion Eq. (15) can be rewritten as
an ¼ M1ðF extn  Cvn  KdnÞ ð16Þ
Applying central difference scheme, a recursive progress in
time ﬁeld can be written asvnþ1=2 ¼ vn1=2 þ anðDtnþ1=2 þ Dtn1=2Þ=2 ð17Þ
dnþ1 ¼ dn þ vnþ1=2Dtnþ1=2 ð18Þ
There exist two schemes to solve FSI problem. One is the
loosely-coupled or domain-decomposition scheme, and the
other is the tightly-coupled scheme. For the latter, the equation
of motion for both ﬂuid and structure are synchronously
solved using a single computational domain. However, it is
numerically inefﬁcient or even impossible to solve ﬂuid and
structure using a monolithic numerical scheme. Therefore,
the domain-decomposition scheme is adopted in the following
numerical simulation. The overall procedure of this scheme is
as follows:
(1) Assume that the state of ﬂuid at time-step tn is known
and the state of structure will not change during the
interval between tn and tn+1, then the solutions for ﬂuid
at time-step tn+1 can be calculated through Euler solver.
(2) Exert the aerodynamic force obtained from the above
step on the structural model and then compute the solu-
tions for structure at time-step tn+1 through Lagrangian
solver.
(3) Transfer the structural rigid displacement and elastic
deformation state to Euler solver as a new boundary
condition of ﬂuid through coupling-interface.
(4) Make n= n+ 1 and repeat the above steps until the
end time.
3. Numerical analysis for free-ﬂying structural model
Because the airﬂow ﬁeld surrounding aircraft in transonic
ﬂight stage is especially complicated, the vibration of aircraft
structure at this stage is noteworthy. The presented numerical
algorithm and scheme can be used to study the transonic
dynamic characteristic of a free-ﬂying structure. A shell struc-
tural model is shown in Fig. 1.
It is divided into 4-node shell elements. In Fig. 1, Point D
denotes a studied point on the surface of structural frustum
section in which the control apparatuses are usually installed.
When the structure ﬂies in air, it will undergo gravity and
thrust. Suppose that the thrust is evenly distributed on the
structural bottom surface and keeps acting during the whole
simulative ﬂight course. Direction of thrust paralleling to x-
axis is just opposite to that of gravity. Supposing the initial
ﬂight direction is along x-axis and the initial velocity value
of structure is 305 m/s, the structure will speed up from sub-
sonic to supersonic ﬂight if thrust value is bigger than gravity
value. Euler region is modeled and divided into 8-node ele-
ments by rectangle immobile meshes. It is shown in Fig. 2 that
a and b respectively denote the structural initial and ultimate
positions in this simulation.
The structural material parameters used in numerical calcu-
lation include density, elastic modulus and Poisson’s ratio, and
the physical parameters of gas include primal density, adia-
batic exponent and dynamic viscosity value.
At the beginning moment of computing, the structural
dynamic response is probably unstable because of the abrupt
action of thrust and aerodynamic force. Therefore, a uniform
motion stage of structure is added. The whole simulative ﬂight
of structure is 0.7 s long. Suppose that Vx denotes x-compo-
Fig. 1 Free-ﬂying shell structural model in numerical simulation.
Fig. 2 Euler region in free-ﬂying simulation.
144 Y. Yan et al.nent of ﬂight velocity. In this simulation, the value of thrust
keeps 89 kPa with Vx approximately keeping 305 m/s during
the initial 0.2 s and 235 kPa with Vx speeded up from 305 m/
s to 360 m/s during the remaining 0.5 s.
In a usual method dealing with FSI problem, a rigid model
is used to determine the aerodynamic force acting on it and
then the force is exerted on the corresponding elastic model
to compute its dynamic response. Because the effect of struc-
tural elastic deformation on aerodynamic force does not be
calculated, the result obtained from this method is probably
not accurate. In this numerical simulation, rigid and elastic
models are employed, respectively, and the response results
of them are compared.
Vx values of Point D in time domain for rigid and elastic
models are shown in Fig. 3.
It can be seen that the Vx value in Fig. 3(b) can be obtained
by adding a small ﬂuctuation to Vx value in Fig. 3(a). Struc-
tural elastic deformation produces the ﬂuctuation. For both
rigid and elastic models, Vx value increases at the rate of about
160 m/s from 0.2 s to 0.5 s and at the rate of about 35 m/s fromFig. 3 Flight velocity of r0.5 s to 0.7 s. It indicates that the increase of ﬂight velocity will
become difﬁcult in transonic ﬂight. It is just an important char-
acteristic of transonic ﬂight. Because the thrust value keeps
constant in transonic ﬂight, it can be concluded that the value
of aerodynamic drag must sharply augment at about t= 0.5 s
when Mach number approaches 1.0. Suppose that ax denotes
x-component of acceleration. ax values of Point D in time
domain for rigid and elastic models are shown in Fig. 4.
In Fig. 4(a), ax value sharply decreases at about t= 0.5 s,
which just accords with the change regularity of Vx value
shown in Fig. 3(a) for rigid model. However, this sharply
change does not occur in Fig. 4(b). The ax value keeps ﬂuctu-
ating in the vicinity of 0 m/s2 for elastic model.
The power-density-spectrum (PSD) distributions of aerody-
namic force of the rigid and elastic models and radial acceler-
ation of the elastic model on Point D at the transonic ﬂight
stage are given in Fig. 5(a)–(c), respectively.
It can be found out that the great amplitude values of the
force for the rigid model mainly congregate in a low and nar-
row frequency range (Fig. 5(a)). From Fig. 5(b) and (c), oneigid and elastic models.
Fig. 5 PSD distributions of aerodynamic force and radial acceleration on Point D.
Fig. 4 Flight acceleration of rigid and elastic models.
Numerical simulation and transonic wind-tunnel test 145can also ﬁnd that the PSD distribution of aerodynamic force is
similar to that of vibration acceleration in frequency domain.
This just proves that they are strongly correlative and the
structural vibration belongs to the aerodynamic excited vibra-
tion. In Fig. 5(b) and (c), the distribution ranges of prominent
amplitudes are from 700 Hz to 1700 Hz and 2600 Hz to
3700 Hz, and this is obviously different from the result of
the rigid model. In fact, the elastic vibration of ﬂying structure
causes considerable disturbance to the surrounding airﬂow.
And contrariwise, the disturbed airﬂow synchronously pro-
duces new structural elastic vibration. Therefore, structural
elastic deformation plays an important role in FSI although
elastic deformation is insigniﬁcant in contrast with rigiddisplacement in magnitude. It cannot be ignored in the calcu-
lation of aerodynamic force and structural dynamic response.
4. Wind-tunnel test and its numerical simulation
Test is the primary approach in research. Test result can be
used to verify the numerical method. Firstly, a wind-tunnel test
is carried out to study the dynamic characteristic of a thin-shell
model in high-speed airﬂow. Secondly, this test is simulated
through numerical method based on the presented numerical
algorithm and scheme. Results of test and simulation are com-
pared to show that the numerical method is feasible in qualita-
tive analysis of structure.
Fig. 8 Arrangement and serial number of strain sensors (side
iew).
146 Y. Yan et al.4.1. Wind-tunnel test
An elastic thin-shell structural model used in transonic wind-
tunnel test is designed and manufactured. Its size meets the test
requirement that the blockage ratio is less than 0.01 and its
thickness value is 0.5 mm. This model is shown in Fig. 6.
In order to decrease the interference of tail-support to test-
section ﬂuid ﬁeld, this model is supported by a lengthened hol-
low pole and this pole is ﬁxed out of the tunnel test-section.
The ﬁxing scheme of model is shown in Fig. 7. Thickness of
tail-support is 1.0 cm. Therefore, it can be approximatively
seen as a rigid body.
In this test, seven strain sensors are stuck on structural sur-
face. Arrangement and serial numbers of sensors on measur-
ing-points are shown in Fig. 8.
In Fig. 8, B denotes the structural apparatus-cabin section;
A and C denote the sections next to B. Test equipment mainly
includes continuous-pressurizing high-speed wind-tunnel, 8-
channel strain ampliﬁer and 32-channel data acquisition
instrument. They are shown in Fig. 9.
The environment temperature is 17.4 C, and the environ-
ment pressure is 97.30 kPa. Test Reynolds number is 15 · 106Fig. 6 Elastic thin-shell structural model in transonic wind-
tunnel test.
Fig. 7 Test model and tail-support in wind-tunnel.vFig. 9 Equipment in wind-tunnel test.on condition that Mach number is 0.8, characteristic dimen-
sion of model is 0.225 m, and total air temperature is 318 K.
Holes occur on the upper and lower walls of wind-tunnel to
reduce the interference of walls to airﬂow ﬁeld. Measurement
of structural dynamic strain is carried out when Mach number
respectively gets stable at 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.75,
0.80, 0.85, 0.90, 0.95, 1.00, and 1.05. The sampled signal from
sensor is voltage signal s(t). It can be transformed into strain
signals e through expression e= bs(t), in which b is a constant.
It indicates that the voltage signal can be used in qualitative
analysis of structural dynamic characteristic.
Firstly, PSD of signal is calculated. PSD distribution for
measuring Point 3 (Point 4 is the closest to Point D in
Fig. 1, but the data of Point 4 is not available) on condition
that Mach number equals 0.85 is shown in Fig. 10.
It shows that the large signal amplitudes concentrate in
about 2065 Hz in frequency domain and these amplitudes
are much bigger than those corresponding to other frequen-
cies. It indicates that the shell structure interacting with
high-speed ﬂow vibrates mainly at about 2065 Hz. The conclu-
sions at other Mach numbers are the same.
Secondly, the vibration signal energies for these measuring
points are calculated and they will be used to study the distri-
Fig. 10 Signal PSD distribution of measuring Point 3 for test
model.
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ratio Eri for the case of Mach number equaling 0.85 is shown
in Fig. 11.
Eri = Ei/Ei=7, Ei = s
2(tj). The Eri expresses the energy ratio
for measuring Point i, Ei the signal energy of Point i, and s(tj)
the signal value at sampling time tj. Failure occurs to Point 4,
so the data sampled from it will not be considered. Value of
Point 4 has already been deleted in Fig. 11. It can be seen that
the energy ratios of Points 6 and 7 which are located on Sec-
tion C are bigger than those of other points. It shows that
the elastic vibration of Section C is the most intense. The aver-
age of Er3 and Er5 is a little bigger than that of Er1 and Er2. It
indicates that the energy average of Section B is a little stron-
ger than that of Section A.
Finally, vibration signal energies Ei at all Mach numbers
are computed. The distributions of signal energy for Points 7
and Point 3 at 13 Mach numbers are shown in Fig. 12(a)
and (b), respectively.
From Fig. 12(a), it can be found out that the energy value
will sharply change when Mach number equals 0.90. Similar
case also happens to Point 3. Rapid decrease occurs in the
energy values of Points 1, 2, 3, and 5 when Mach number
increases from 0.75 to 0.80. Sharp change of Ei is probably
caused by the great variation of aerodynamic force when Mach
number approaches 1.00.Fig. 11 Vibration energy distribution for test model.4.2. Numerical simulation for wind-tunnel test
The structural model for numerical simulation according to
the actual size of test model and tail-support is established.
The surface of this numerical model acts as the coupling-inter-
face on which the FSI takes place. Numerical model is divided
into 4-node shell elements. The model with meshes is shown in
Fig. 13.
In Fig. 13, the Section D expresses the thin-shell structure,
and the Section E the tail-support. Nodes on the Section F are
restricted to no displacement and rotation. Arrangement and
serial numbers of measuring points and denotation of the Sec-
tions A, B, and C in numerical model are the same as those
shown in Fig. 8.
Euler region surrounding the structural model is built to
simulate the airﬂow ﬁeld. It is divided into 8-node hexahedron
elements with rectangular meshes and these meshes are immo-
bile in calculation. If this region is too large, the time spent in
simulative calculation will be excessively long. Considering
this, the established Euler region only envelops partial tail-sup-
port. The Euler region and the meshes in it are shown in
Fig. 14.
This region denotes a part of test-section of wind-tunnel,
and the structural model in it is also shown in this ﬁgure.
For this region, the boundary planes which cut z-axis express
the perforated walls of wind-tunnel; those planes which cut
y-axis denote the imperforate walls of wind-tunnel; others
are free boundary planes. The direction in which the airﬂow
enters this region is indicated in Fig. 14. Suppose that the Euler
region is full of air at the initial time and the initial Mach num-
ber of airﬂow in this region is 0.85. The airﬂow Mach number
at the entry plane keeps 0.85 in the whole simulation process.
Through numerical calculation based on the presented
algorithm and scheme, result illuminating the vibration char-
acteristic of structure is obtained. The ﬂuctuation of Vz (radial
velocity) in time domain for a point on Section B is given in
Fig. 15, and it indicates that the numerical result will become
stable after about 0.35 s.
Firstly, PSD distribution of strain for measuring Point 3 is
shown in Fig. 16.
Compared with wind-tunnel test result given in Fig. 10, the
predominant strain amplitudes of numerical model also con-
centrate in a narrow frequency range. These amplitudes appear
at about 2635 Hz which are much higher than the low-order
natural frequencies of structure. Therefore, it can be seen that
the main dynamic response of structure interacting with high-
speed airﬂow is not the usual low-order model response.
Secondly, vibration energies on seven measuring points in
numerical model are also computed. The processing method
of date is similar to that used for wind-tunnel test. Distribution
of energy ratio Eri for the case of Mach number equaling 0.85
is shown in Fig. 17.
Compared with Fig. 11, the energy ratios for Points 6 and 7
located on the Section C are also bigger than those of other
points. And the average of Er3, Er4 and Er5 also approaches
to that of Er1 and Er2 .
4.3. Comparative analysis of test and numerical results
Vibration energy of the thin-shell structure mainly concen-
trates in a narrow high-frequency range in which the frequency
Fig. 12 Vibration energy of measuring Points 7 and 3.
Fig. 13 Numerical model of thin-shell structure and tail-support.
Fig. 14 Euler region and Euler meshes.
Fig. 15 Fluctuation of Vz in time domain. Fig. 16 Strain PSD distribution of measuring Point 3 for
numerical model.
148 Y. Yan et al.values are not the structural low-order natural frequencies. It
indicates that the dominant dynamic response of structure is
not the usual low-order model response. This structural
dynamic characteristic can be obtained through the analysis
of numerical result and it is proved by wind-tunnel test. Itshows the numerical method based on the presented algorithm
and scheme can be used in qualitative analysis of structural
dynamics characteristic considering FSI. The main differences
between numerical and test results are listed as follows:
Fig. 17 Vibration energy distribution for numerical model. Fig. 18 Test result of natural frequency for test model.
Fig. 19 Vibration modes of the ﬁrst three orders of numerical
model with Section F restricted.
Numerical simulation and transonic wind-tunnel test 149(1) The largest amplitude of strain occurs at 2635 Hz for
numerical model of structure but at 2065 Hz for tests
one.
(2) Other obvious PSD amplitudes of strain distribute at
1500, 6420 and 7720 Hz for numerical model but at
1500, 6300 and 7300 Hz for test one.
These differences are considered to be caused by the distinc-
tion between numerical and test models. Lower-order natural
frequencies of structural model are listed in Table 1.
Difference of natural frequency reveals that the dynamic
characteristic of numerical model is not exactly the same as
that of test one. It can be found out from Table 1 that natural
frequency values of numerical model calculated with nodes on
Section F restricted to no displacement and rotation are differ-
ent from those in the case of Section G restricted. It indicates
that the constraint of structure supposed in numerical simula-
tion will affect the calculation result of structural dynamic
response. In fact, the constraint of structure supposed in
numerical simulation cannot be exactly the same as that of test
structural model. In addition, the material parameters used in
numerical calculation are probably not the same as those of
test structural model. It can also lead to differences between
numerical and test results. The testing result of natural fre-
quency for test model is given in Fig. 18.
Test model contains the extended supporting rod at tail,
which, together with the thin-shell structure, forms an elon-
gated structure. Thus, the strong stiffness of tail supporting
rod and great ﬂexibility of the thin-shell will comprise a special
structural system, and it is accurate to establish its dynamic
model. Therefore, the measurement of natural frequencies is
carried out to validate the established calculation model. In
the test, hammer, acceleration sensor and LMS SCADAS
III-TEST Lab are applied with the model clamped on its tail.
The low-order natural frequencies of the calculated and testTable 1 Low-order natural frequencies of structure.
Model Natural frequency (Hz)
First-order Second-order Thir
Section F restricted 39.053 110.55 333.
Section G restricted 36.134 106.87 305.
Test model 23.44 98.44 246.are listed in Table 1. Because the natural frequencies of the
thin-shell are high and crowded, they cannot be measured
using knocking method so that we cannot compare them to
the calculated results. Therefore, the natural frequencies of
thin-shell structure are not given out. Vibration modes of the
ﬁrst three orders of numerical model with Section F restricted
are shown in Fig. 19.
Although Section B is the windward section, the vibration
energy of measuring points on this section is not the
maximum. The vibration of Section C is the most intense. The
energy average of measuring points in Section B approaches
to that in Section A. This dynamic characteristic of structure
can be obtained from both numerical calculation and test.
In general, numerical method based on the presented algo-
rithm and scheme can be applied to the qualitative analysis of
structural dynamic response to high-speed airﬂow. However,
the numerical result should be amended through abundant datad-order Fourth-order Fifth-order Sixth-order
44 596.49 677.17 758.4
24 596.49 663.04 718.9
09 602.93 618.36 647.66
Fig. 20 Calculated and test dynamic strain response power spectrum.
150 Y. Yan et al.from test in further. Obviously, the direct comparison between
the calculated and test results of structural vibration responses
under FSI is more convictive and also necessary. Therefore, the
typical calculated and test results of the structural dynamic
strain response power spectrum are shown in Fig. 20.
One can ﬁnd that the results from two methods are basi-
cally consistent.
5. Conclusions
Results of numerical simulation for free-ﬂying structural
model indicate the following conclusions:
(1) The characteristics of aerodynamic force for rigid struc-
tural model and elastic one are extremely different in fre-
quency domain. Structural elastic deformation cannot
be ignored in dynamic analysis.
(2) The ﬂight acceleration of aircraft will sharply reduce
with the thrust keeping invariable in transonic ﬂight.
Farther conclusions listed as follows are acquired through
the results of wind-tunnel test and its numerical simulation:
(1) The present numerical algorithm and scheme can be
used in qualitative analysis of structural dynamic
response coupled with aerodynamic force.
(2) The predominant components of structural strain ampli-
tudes concentrate in a narrow frequency range which
does not contain the low-order natural frequencies of
structure. The dynamic response of structure coupled
with aerodynamic force is not the usual low-order model
response.
(3) The elastic vibration energy of Section B (apparatus-
cabin section) is not the strongest although it is the
windward section.
In addition, test result shows that the structural elastic
vibration energy will sharply changes when Mach number of
airﬂow approaches 1.00.
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